In this paper, a concise one-pot method for the construction of benzo[ f ]indole-4,9-dione motifs is described. These transformations proceed via a sequential palladium-and copper-catalyzed coupling reaction of 1,4-naphthoquinones with terminal acetylenes, followed by a copper-catalyzed intramolecular cyclization reaction of the resulting coupling product.
Indolequinones are interesting and valuable compounds because they are often found in antitumor agents such as mitomycin C 1 [1] [2] [3] and EO9 2 4, 5) (Fig. 1) . Despite their attractive biological activities, there are a limited number of efficient methods for synthesizing indolequinones. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Among those reported, the following three strategies exceptionally provide versatile entries to indolequinones: reactions of 1,4-naphthoquinones with enamines; [16] [17] [18] [19] Mn(III)-initiated oxidative free radical reactions of 2-amino-1,4-naphthoquinones with b-dicarbonyl compounds [20] [21] [22] ; and cyclization of 3-acetylamino-2-alkynyl-1,4-naphthoquinones, which are synthesized from 3-acetylamino-2-bromo-1,4-naphthoquinone and terminal acetylenes by the Sonogashira reaction. 23) However, these methods have some drawbacks such as a limited range of substituents on substrates and/or unsatisfactory yields because of structural changes in the substrates. In an earlier report, our group described the one-pot synthesis of indolequinones from 2-amino-3-bromo-1,4-naphthoquinone derivatives and terminal acetylenes by the Sonogashira coupling/cyclization cascade reaction. 24) Although this method provided concise access to benzo [f]indole-4,9-dione motifs, a stoichiometric amount of copper salt was required to obtain satisfactory yields. According to the reported methods typically used for indole syntheses, we tested the reactions using a catalytic amount of copper(I) salts with bidentate ligands such as bipyridine, 1,10-phenanthroline, and trans-N,NЈ-dimethylcyclohexane-1,2-diamine. [25] [26] [27] However, no coupling reactions were observed, and degradation of the starting naphthoquinone to a dehalogenated compound gradually occurred during the reaction.
28) Thus, we attempted to develop more efficient reaction conditions for preparing indolequinones. In this paper, we describe the development of a cascade reaction for constructing benzo[ f ]indole-4,9-dione motifs involving the Sonogashira reaction and intramolecular cyclization with a catalytic amount of copper salts (Chart 1).
Results and Discussion
We have previously reported that (S)-5-hydroxy-2-(1Ј-hydoxyethyl)naphtho [2,3-b] furan-4,9-dione (3), which is a secondary metabolite found in the inner bark of Tabebuia avellanedae, exhibits potent antiproliferative effects against several human tumor cell lines. 29, 30) To develop a concise method to synthesize its related structural motifs such as 5-hydroxy-2-(1-hydroxyethyl)-1-methyl-1H-benzo[ f ]indole-4,9-dione (4aa), 3-bromo-5-hydroxy-2-(methylamino)naphthalene-1,4-dione (5a) and but-3-yn-2-ol (6a) 31) were selected as substrates. To identify the most active catalyst system, additive screening was conducted. According to the optimal reaction conditions reported by our group, 24) all experiments were performed with 2.0 eq of acetylene, 0.8 eq of an additive, 20 mol% of copper salt, and 200 eq of pyridine in N,NЈ-dimethylformamide (DMF) at 80°C. 32) However, bidentate ligands such as trans-N,NЈ-dimethylcyclohexane-1,2-diamine, 2,2Ј-bipyridine, L-proline, and 1,10-phenanthroline, which are typically used in copper-mediated coupling reactions, 25, 26) were ineffective in promoting the reaction (Table 1 , entries 3-6). In contrast, most inorganic bases proved applicable and furnished the cyclized product 4aa in 13-63% yields with K 2 CO 3 being suitable ( To determine the optimal copper salts, reactions with various copper(I) (CuI, CuBr, and CuOTf) and copper(II) salts (CuO, CuBr 2 , and CuCl 2 ) 33) were examined. The results are shown in Table 2 . Both copper(I) and copper(II) salts afforded the cyclized product 4aa in moderate yields (13-55%, Table 2 , entries 1-6), but required a prolonged reaction time. Furthermore, decreasing the amount of Cu 2 O led to a lower yield of 4aa (Table 2, entry 7). Thus, it was determined that Cu 2 O is the preferred catalyst and the optimal amount of Cu 2 O is 0.2 eq (based on 4aa).
To investigate the generality of this method, halonaphthoquinones 5b-d were reacted with terminal acetylenes 6. The results are summarized in Table 3 . No coupling reactions occurred when naphthoquinone 5b was used with an unsubstituted NH 2 group (Table 3 , entry 1).
34) The reaction of 5c, which contains a more general naphthoquinone motif, with a stoichiometric amount of Cu 2 O gave the cyclized product 4ca in 56% yield at rt (Table 3 , entry 2). A comparable result was attained when a catalytic amount of Cu 2 O was used, demonstrating the utility of our catalytic cascade reaction (Table 3 , entry 4). A TLC analysis during the reaction shown in Table 3 entry 4 revealed that the coupling reaction completed within 5 h at rt, although a small amount of a cyclized product was observed after 5 h. 35) On the other hand, only a small amount of a coupling product was formed in the absence of K 2 CO 3 ( Table 3, entry 3) . 36 ) Thus, we assume that K 2 CO 3 functions to regenerate the active copper acetylide/ pyridine complexes and promote the coupling reaction although the exact role of K 2 CO 3 is unclear. Contrary to our expectations, a lower yield was observed with catalytic amounts than stoichiometric quantities of Cu 2 O when iodide 5d was used as the substrate. This was owing to the increased formation of the dehalogenated product 7aa (Table 3 , entries 5, 6). Alkynes bearing phenyl or 2-phenylethyl substituent reacted smoothly with 5a to give the desired product 4ab and 4ac in moderate yields, suggesting the hydroxyethyl moiety on the acetylene is not essential for the developed method (Table 3 , entries 7, 8) .
We have already reported that the cuprous acetylide/pyridine complex, which forms during the reaction, plays a crucial role in the intramolecular cyclization step. 24) To deter- mine the role of K 2 CO 3 in the final cyclization step, the reaction of isolated 8ca with K 2 CO 3 in pyridine and DMF at rt was examined (Chart 2). After 24 h, the cyclized product 4ca was obtained in 14% yield along with 46% recovery of unreacted 8ca, suggesting that K 2 CO 3 itself partially contributes to the cyclization process. Furthermore, the cuprous acetylide/pyridine complex functions as the primary catalyst for the intramolecular cyclization reaction. Finally, (S)-4aa, which was synthesized from 5a and commercially available (S)-6a according to the developed method, was evaluated for its ability to suppress the growth of human tumor cell lines including A549 (lung) and MCF-7 (breast). Compared with 3, compound (S)-4aa exhibited less potent antiproliferative effects against both cell lines (IC 50 of (S)-4aa: 41.5 and 56.1 mM, respectively; IC 50 of 3: 0.92 and 0.48 mM, respectively). 29, 30) Further structure-activity relationship (SAR) studies on 4aa derivatives are underway in our laboratory and will be reported in due course.
Conclusion
We have demonstrated a concise method for constructing substituted indolequinones using a Sonogashira coupling/cyclization cascade reaction with K 2 CO 3 and a catalytic amount of Cu 2 O. The experimental simplicity of the proposed catalytic system is expected to have a variety of applications in synthetic and medicinal chemistry.
Experimental
General All melting points are uncorrected. . Purification was performed using silica gel column chromatography. All reagents were purchased from chemical companies and used as received. All reactions were conducted under an argon atmosphere, unless otherwise stated. Product 7ba 37) is a known compound. 24) 5c, 38) and 5d 24) were prepared by the reported methods.
Synthesis of Starting Materials Compounds 5a,

2-Amino-3-bromo-5-hydroxynaphthalene-1,4-dione (5b)
To a solution of 2-bromo-8-hydroxynaphthalene-1,4-dione 38) (253 mg, 1.0 mmol) in EtOH (8.0 ml), 28% aqueous NH 3 (0.7 ml, 10 mmol) was added, and then, the mixture was stirred for 24 h at rt. After evaporation to remove the solvent, the crude product was dissolved in DMF (2.0 ml). NBS (178 mg, 1.0 mmol) was added to the solution, and the mixture was stirred for 1 h at rt. The mixture was extracted with EtOAc. The organic extracts were washed with brine and dried over Na 2 SO 4 . The column chromatography (hexane/ EtOAcϭ2/1) gave 5b (130 mg, 49% yield) as orange needles with mp 222-223°C. 5b: rf (hexane/EtOAcϭ2/1)ϭ0.40. , and pyridine (8.0 ml, 100 mmol) was stirred for 2 h at rt. A solution of compound 5 (0.50 mmol) and Pd(OAc) 2 (3.4 mg, 0.015 mmol) in DMF (5.0 ml) was added to this suspension, and the reaction mixture was stirred at 80°C for 1 h. The mixture was quenched with H 2 O at 0°C and extracted with CHCl 3 . The organic extracts were washed with H 2 O and brine, dried over Na 2 SO 4 , and then concentrated.
5-Hydroxy-2-(1-hydroxyethyl)-1-methyl-1H-benzo[ f ]indole-4,9-dione (4aa)
Starting from 5a and 6a, this compound was prepared according to the general procedure. The column chromatography (hexane/EtOAcϭ2/1) gave 7aa 39) (5 mg, 5% yield) and 4aa (86 mg, 63% yield) as yellow needles with mp 219-220°C. 4aa: rf (hexane/EtOAcϭ1/1)ϭ0. 33 Hydroxyethyl)-1-methyl-1H-benzo[ f ]indole-4,9-dione (4ca) Starting from 5c and 6a, this compound was prepared according to the general procedure. Pyridine (4.0 ml) was used. The reaction was performed at rt for 24 h. The column chromatography (hexane/EtOAcϭ2/1) gave 7ca 37) (trace) and 4ca (67 mg, 53% yield) as pale yellow needles with mp 200-201°C. 4ca: rf (hexane/EtOAcϭ1/1)ϭ0. 2-(3-Hydroxybut-1-yn-1-yl)-3-(methylamino)naphthalene-1,4-dione (8ca) Starting from 5c and 6a with a stoichiometric amount of Cu 2 O, this compound was prepared according to the general procedure. The reaction was quenched after 4 h. The column chromatography (hexane/EtOAcϭ2/1) gave 4ca (47 mg, 37% yield) and 8ca (39 mg, 31% yield). 8ca: red needles with mp 154-156°C. rf (hexane/EtOAcϭ1/1)ϭ0.1. Antiproliferative Effect Assay The antiproliferative effects of indolequinone (S)-4aa was examined in cancer cell lines. These cells were maintained in usual 10% fetal serum Dulbecco's minimum essential medium (DMEM) through experiments and exposed to four dose concentrations of (S)-4aa in a humidified atmosphere (37°C, 5% CO 2 ) for 72 h. After the reaction, cells were further incubated with 0.25% trypan blue dye for 20 min and counted for viable cells under light microscopic apparatus. IC 50 values were calculated from separate experiments performed in triplicate.
2-(1-
